Background: Ventral tegmental area (VTA) GABA neurons have been heavily implicated in alcohol reinforcement and reward. In animals that self-administer alcohol, VTA GABA neurons exhibit increased excitability that may contribute to alcohol's rewarding effects. The present study investigated the effects of acute and chronic ethanol exposure on glutamate (GLU) synaptic transmission to VTA GABA neurons.
A LCOHOL IS A widely used substance, with abuse having far-reaching consequences on individuals and on society as a whole (Moss, 2013) . The mesolimbic dopamine (DA) system originating in the midbrain ventral tegmental area (VTA) and projecting to the nucleus accumbens (NAc) has been heavily implicated in the reinforcing aspects of alcohol use (Engel and Jerlhag, 2014) . In general, alcohol is thought to influence the activity of DA neurons in the VTA (Brodie, 2002; Gessa et al., 1985a,b; Mrejeru et al., 2015) , resulting in changes in striatal and accumbal DA release (Gonzales et al., 2004) . One particular target of interest in this system is VTA GABA neurons, which inhibit local DA neurons Brown et al., 2012; Nugent and Kauer, 2008; Tepper et al., 1998) . Our laboratory has repeatedly shown that VTA GABA neurons are inhibited in vivo by physiologically relevant doses (0.25 to 1.5 g/kg, intraperitoneal [IP] ) of ethanol, suggesting that alcohol may increase DA activity by inhibiting GABA release onto VTA DA neurons . Furthermore, this apparent disinhibitory effect may not be exclusive to alcohol, as other drugs of abuse, including opioids, cannabinoids, and benzodiazepines, also inhibit VTA GABA neuron activity (Johnson and North, 1992a; Szabo et al., 2002; Tan et al., 2010) .
This circuit effect also appears to play an important role in reinforcing properties of alcohol, since rats that self-administer alcohol exhibit large increases in VTA GABA firing during withdrawal and during alcohol-seeking behavior (Gallegos et al., 1999; Steffensen et al., 2009 ). This may obtain via direct effects on VTA GABA neurons, an increase in excitatory glutamate (GLU) receptor (GLUR)-mediated synaptic transmission, a decrease in inhibitory GABA receptor (GABAR)-mediated synaptic transmission, a combination of these, or other mechanisms, such as block of electrical transmission between VTA GABA neurons Stobbs et al., 2004) . Indeed, the reinforcing properties of alcohol are thought to involve its actions on GLU N-methyl-D-aspartate (NMDA) receptors in the VTA (Luscher and Malenka, 2011) . However, whether alcohol exposure changes GLU synaptic transmission to VTA GABA neurons is unknown. Since changes in GLU synaptic transmission may contribute to drug-seeking behavior, the present study examined alcohol-induced changes in NMDA-and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-dependent GLU activity to VTA GABA neurons.
A recent study from our laboratory (Nelson et al., 2018) has demonstrated that GABA neurons, but not DA neurons, become resistant to the inhibitory effects of the GABAA receptor agonist muscimol following a single exposure to acute ethanol, but not chronic exposure, an effect that is blocked by an injection of the NMDA receptor antagonist, MK-801, prior to ethanol injection. Following chronic ethanol exposure, this effect persists for up to 7 days following ethanol exposure (Nelson et al., 2018) . These findings suggest that adaptations in GABA transmission to VTA GABA neurons accrue to ethanol exposure and that NMDA GLURs are involved in the short-term adaptation. In the current study, 3 different ethanol exposure paradigms were used to evaluate the effects of ethanol on GLU activity on VTA GABA neurons: (i) acute ex vivo perfusion; (ii) acute withdrawal after a single in vivo exposure; and (iii) acute withdrawal after chronic in vivo vapor chamber exposure. We hypothesized that excitatory GLU transmission to VTA GABA neurons would show adaptations with acute, but not chronic, ethanol.
MATERIALS AND METHODS

Animal Subjects
Male GLU decarboxylase-67 (GAD-67)-GFP knock-in on a CD-1 (white albino) mice (Tamamaki et al., 2003) were bred and cared for in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Animals were treated in strict accordance with the Brigham Young University Animal Research Committee IACUC guidelines and approved protocols, which follow current NIH guidelines. Once weaned at postnatal Day 21, all mice were housed in maximum groups of 4 and given ad libitum access to solid food and water and placed on a reverse light/dark cycle with lights ON from 10 PM to 10 AM. Mice used in injection experiments were lightly and briefly anesthetized with isoflurane (5%) and injected IP with a sterile needle; however, a group of mice was also injected IP without isoflurane anesthesia in order control for any potential drug interactions. Animals returned to their home cages 30 minutes following the injection. Mice ranged in age from postnatal day (PD) 18 to 60. Vapor chamber exposed mice ranged from PD 50 to 60, whereas all other experiments were performed in mice under PD 36.
Chronic Intermittent Ethanol Exposure
Animals were exposed to chronic intermittent ethanol (CIE) in a modified alcohol vapor chamber system with feedback control of alcohol levels, as reported previously (Nelson et al., 2018) . Mice were exposed to a level of ethanol previously determined to produce 200 mg% blood alcohol levels for 16 hours (1000 to 0200 hours) beginning in their dark cycle (i.e., reverse cycle light). The duration of exposure was 2 hours the first day of the first week and doubled each day until 16 hours was reached and then held constant at 16 hours for 2 more weeks, as described previously (Nelson et al., 2018) . During the first week, intoxication was monitored and increased progressively in the alcohol vapor-exposed mice with mild ataxia on Day 1, moderate ataxia on Day 2, severe ataxia on Day 3, and sedation on Days 4 and 5. Tolerance to the sedative effects of ethanol accrued the second week, and tolerance to the ataxic effect accrued the third. This level of exposure increased alcohol consumption and adaptations in VTA GABA neuron responses (Nelson et al., 2018) . This paradigm has been used previously by our laboratory as a model of alcohol dependence (Nelson et al., 2018) .
Preparation of Brain Slices
All brain slice preparations were performed in GAD67-GFP knock-in mice. Brains were extracted via isoflurane anesthesia (5% 
Characterization of Neuron Types
GABA neurons were studied in GAD67-GFP knock-in mice. VTA GABA neurons were identified by a characteristic glow under fluorescence illumination. To confirm identification, VTA neurons were characterized using a current-clamp high-frequency spiking command waveform obtained from a typical VTA GABA neuron (spikes at 200 Hz for 500 ms; Steffensen et al., 2008) . GABA neurons follow the command waveform with fidelity while DA neurons do not. Neurons that did not fluoresce and/or exhibit a non-cation-specific inward-rectifying current (I h ) with low input resistance and did not follow high-frequency spiking by the command waveform were assumed to be DA neurons and were not examined in this study (Allison et al., 2006 Johnson and North, 1992b; Margolis et al., 2006; Steffensen et al., 2011) .
Whole-cell Recordings In Vitro
A K-gluconate pipette solution (in mM: 123 K-gluconate, 0.2 EGTA, 10 HEPES, 8 NaCl, 2 Mg-ATP, 2 Na3-GTP, and 4.5 QX-314 [pH 7.3]) was used for excitatory postsynaptic current (EPSC) studies. The sodium channel blocker QX-314 was included in pipettes to eliminate action potentials interfering with data collection in the cell being recorded. Pipettes having tip resistances of 2.5 to 6MΩ and series resistances typically ranging from 7 to 15 MΩ were used. Voltage clamp recordings were filtered at 2 kHz with an Axon Instruments Multiclamp 700B amplifier (Molecular Devices, San Jose, CA) and digitized at 5 kHz using an Axon 1440A digitizer controlled with Axon Instruments pClamp ver10 software on PC computers. EPSCs were recorded in the presence of 100 lM picrotoxin to block GABA and glycine-mediated synaptic currents. Minis were recorded in the presence of 500 lM lidocaine to block action potential-dependent release. For measurement of AMPA/ NMDA ratio, evoked EPSCs (eEPSCs) were recorded at +40 mV to remove the magnesium block from the NMDA receptor. The NMDA receptor antagonist APV (50 lM) was given partway through the experiment to block NMDA currents, and the NMDA component of the total current was calculated by subtraction. The maximum positive peak current amplitude was measured for AMPA and NMDA receptors for data analysis whenever it occurred, which for the latter usually occurred within 15 ms. Peak amplitude of NMDA currents was selected for data analysis (rather than decay kinetics), since it is a common practice (see Ungless et al., 2001 ) and seems to vary less between GABA cells. To evoke EPSCs, we used a concentric bipolar platinum/iridium electrode from MicroProbes for Life Science (Gaithersburg, MD).
Drug Preparation and Administration
Drugs used in vitro were made fresh in distilled water, added to ACSF, and superfused on brain slices and included APV (50 lM; Abcam, Cambridge, MA), picrotoxin (100 lM; Sigma-Aldrich, St. Louis, MO), and lidocaine (500 lM; Sigma-Aldrich). Ethanol (5 to 60 mM) was added to ACSF after baseline recordings. Drugs used in injections were added to sterile 0.9% saline and injected IP (16% ethanol v/v).
Statistical Analyses
Results are presented as raw mean values and percent control AE SEM. Results between groups were compared using a 2-tailed unpaired t-test or analysis of variance (ANOVA). Experiments relying on variance in time or current were analyzed using mixed models ANOVA with post hoc t-test at individual points. Statistical significance required ≥95% level of confidence (p ≤ 0.05). Analysis software included Minianalysis (Synaptosoft, Decatur, GA), Clampfit (Axon Instruments), Microsoft Excel (Redmond, WA), and Igor Pro (WaveMetrics, Oswego, OR). Significance levels are indicated on graphs with asterisks *,** and corresponded to significance levels p < 0.05, and 0.01, respectively. Figures were constructed with Igor Pro software.
RESULTS
Effects of Acute Superfused Ethanol on VTA GABA Neuron Spontaneous and Mini-EPSCs
In order to understand ethanol's effects on GLU activity on VTA GABA neurons, ethanol was superfused during the recordings of whole-cell spontaneous EPSCs (sEPSCs) and mini-EPSCs (mEPSCs) to VTA GABA neurons (Fig. 1A,F) . Ethanol exhibited significant dose-dependent effects on sEPSC frequency, ethanol 10 to 60 mM, Fig. 1B ,C; 2-way mixed-measures ANOVA (ethanol 9 concentration); ethanol: F(1, 33) = 2.782, p = 0.105; concentration: F(2, 33) = 1.296, p = 0.287; and interaction: F(2, 33) = 4.033, p = 0.0271, with a 47% increase in sEPSC frequency at 30 mM ethanol. However, ethanol had no apparent effect on sEPSC amplitude, ethanol 10 to 60 mM, Fig. 1D ,E; 2-way mixed-measures ANOVA (ethanol 9 concentration); ethanol: F(1, 33) = 10.65, p = 0.0028; concentration: F(2, 33) = 4.251, p = 0.0240; and interaction: F(2, 33) = 0.376, p = 0.690, suggesting that ethanol alters the activity of presynaptic GLU neurons. Additionally, ethanol had no effect on the kinetics of sEPSCs as measured by half-width, F(3, 44) = 1, p = 0.404. In order to determine whether ethanol alters activity-independent sEPSCs, mEPSCs were recorded in the presence of the sodium channel blocker lidocaine (500 lM), which effectively blocks action potentials in VTA GABA neurons (Steffensen et al., 2008) . Lidocaine also has the added advantage of blocking TTX-resistant sodium channels (Tan et al., 2014) . Lidocaine reduces GABA sEPSC frequency by 55%, control: 3.436 AE 0.838 and lidocaine: 1.545 AE 0.393; t(6) = 2.702, p = 0.0177, and had no apparent effect on sEPSC amplitude, control: 20.344 AE 3.681 and lidocaine: 18.207 AE 3.179; t(6) = 1.534, p = 0.088. Contrary to sEPSCs, ethanol significantly decreased mEPSC frequency, ethanol 5 to 30 mM, Fig. 1G,H ; 2-way mixedmeasures ANOVA (ethanol 9 concentration); ethanol: F(1, 17) = 7.539, p = 0.0138; concentration: F(2, 17) = 1.479, p = 0.256; and interaction: F(2, 17) = 1.516, p = 0.248, with a 35% decrease at 30 mM and mEPSC amplitude, ethanol 10 to 60 mM, Fig. 1I ,J; 2-way mixed-measures ANOVA (ethanol 9 concentration); ethanol: F(1, 16) = 7.037, p = 0.0174; concentration: F(2, 16) = 0.373, p = 0.695; and interaction: F(2, 16) = 0.0481, p = 0.953, with an 18% decrease at 10 mM Ethanol also had no effect on mEPSC half-width, F(3, 36) = 0.10, p = 0.962. Thus, acute ethanol increases action potential-dependent, but not action potential-independent GLU activity to VTA GABA neurons.
Effects of Withdrawal from a Single In Vivo Ethanol Injection on VTA GABA Neuron EPSCs
The effects of ethanol withdrawal on GLU transmission to VTA GABA neurons were evaluated in the slice preparation 24 hours after a single in vivo ethanol injection (4.0 g/kg, IP; Fig. 2 ). IP injections were performed under brief, light isoflurane anesthesia to reduce the stress of the saline/ethanol injection, and sEPSC responses were recorded in VTA GABA neurons. These same experiments were also performed in non-isoflurane-exposed mice. Withdrawal from an ethanol injection resulted in decreased sEPSC frequency in both isoflurane, frequency: F(1, 21) = 11.174, p = 0.0032 and amplitude: F(1, 21) = 0.0885, p = 0.769, as well as nonisoflurane-exposed mice, frequency: F(1, 25) = 12.550, p = 0.0017 and amplitude: F(1, 25) = 0.981, p = 0.332. Thus, groups were collapsed and considered together ( Fig. 2A-E) . Ethanol-exposed mice exhibited a 42% lower baseline frequency of sEPSCs than saline-treated mice, which was statistically significant, Fig. 2B ,C, F(1, 47) = 17.915, p < 0.0001. However, there was no apparent effect of ethanol on sEPSC amplitude, Fig. 2D ,E, F(1, 47) = 0.1823, p = 0.671. Additionally, there was no apparent effect of ethanol on sEPSC kinetics as measured by half-width, saline: 1.997 AE 0.166 ms and ethanol: 2.501 AE 0.216 ms; F(1, 41) = 4.085, p = 0.0748, suggesting that there was no change in GLUR subunit composition as result of ethanol exposure. mEPSCs were then recorded in VTA GABA neurons following acute ethanol exposure and withdrawal. Ethanol had no apparent effect on mEPSC frequency, Fig. 2G,H, F(1, 20) = 0.527, p = 0.477, but resulted in significantly lower mEPSC amplitudes, Fig. 2I,J, F(1, 20) = 6.028, p = 0.0239, suggesting that the change in sEPSC frequency was due to ethanol effects related to action potential-dependent GLU release, but the change in mEPSC amplitude was suggestive of postsynaptic effects of ethanol. However, there was no apparent effect of ethanol on mEPSC kinetics as measured by half-width, saline: 2.369 AE 0.282 ms and ethanol: 2.988 AE 0.486 ms; F(1, 20) = 1.411, p = 0.249. As an additional measure of plasticity, AMPA/NMDA ratio experiments in VTA GABA neurons were performed 24 hours following acute ethanol (4.0 g/kg, IP; Fig. 3 ). There was no difference in AMPA/NMDA ratio following acute ethanol exposure, Fig. 3B, F(1, 18) = 1.2184, p = 0.2842; therefore, ethanol does not appear to change relative expression of AMPA receptors and that changes observed with sEPSCs and mEPSCs were likely due to changes in GLU release.
Effects of Withdrawal from Chronic Ethanol Exposure on VTA GABA Neuron EPSCs
The effects of chronic ethanol and withdrawal on GLU activity on VTA GABA neurons were tested. Mice were exposed to ethanol for a period of 3 weeks through the CIE vapor exposure paradigm, and whole-cell recordings were conducted 24 hours following the last ethanol exposure (Fig. 4A,F) . CIE significantly increased the frequency of sEPSCs, Fig. 4B,C, F(1, 20) = 7.172, p = 0.0145, by 276%, but had no effect on sEPSC amplitude, Fig. 4D ,E, F(1, 20) = 0.0142, p = 0.906, or sEPSC kinetics, air: 3.016 AE 0.445 ms and ethanol: 2.632 AE 0.244 ms; F(1, 21) = 0.383, p = 0.543. Similarly, chronic vapor exposure significantly increased the frequency of mEPSCs, Fig. 4G ,H, F(1, 17) = 4.593, p = 0.0469, by 168%, but had no effect on mEPSC amplitude, Fig. 4I ,J, F(1, 17) = 0.758, p = 0.396, suggesting that during withdrawal from chronic ethanol there is increased probability of GLU release on VTA GABA neurons. Additionally, chronic ethanol vapor exposure significantly altered mEPSC kinetics, as the half-width was decreased by 56%, air: 2.979 AE 0.461 ms and ethanol: 1.665 AE 0.105 ms; F(1, 18) = 4.557, p = 0.048, suggesting that CIE exposure altered GLUR subunit composition. CIE exposure had no effect on AMPA/NMDA ratio in VTA GABA neurons, Fig. 5, F(1, 20) = 0.7598, p = 0.3937. Thus, CIE increases GLU activity to VTA GABA neurons and decrease current decay rates, likely due to modified subunit composition.
DISCUSSION
The purpose of this study was to investigate ethanol's effects on GLU transmission to VTA GABA neurons. Acute superfused ethanol had mixed effects on excitatory synaptic events. sEPSCs increased, but mEPSCs decreased with acute ethanol, suggesting that acute ethanol has a variety of targets related to GLU synaptic transmission in the VTA. It significantly enhances sEPSCs, but decreases mEPSCs, suggesting that excitatory effects of ethanol on sEPSCs overshadow inhibitory effects on mEPSCs. While withdrawal from acute ethanol depressed excitation, by decreasing sEPSC frequency, withdrawal from chronic ethanol enhanced excitatory synaptic transmission to VTA GABA neurons, increasing both sEPSC and mEPSC frequency. These results suggest that ethanol is modulating VTA GABA neuron activity in part through its effects on action potentialdependent GLU synaptic transmission and, consistent with our hypothesis, that acute effects of ethanol on GLU transmission would differ from chronic effects. However, contrary to our hypothesis, GLU transmission to VTA GABA neurons was affected by chronic ethanol, albeit differentially.
Acute Ethanol Effects on Excitatory Synaptic Transmission to VTA GABA Neurons
Ethanol superfusion has complicated effects on excitatory synaptic events on VTA GABA neurons. Acute ethanol increases sEPSC frequency at 30 and 60 mM, but reduces mEPSC frequency and amplitude suggesting that ethanol has biphasic effects on GLU activity to VTA GABA neurons. Similarly, previous in vivo studies have indicated a transient increase in VTA GABA excitability after ethanol, which is followed by temporary inhibition (Ludlow et al., 2009; Steffensen et al., 2001 Steffensen et al., , 2009 ). This transient increase in firing rate is thought to be due to low-dose effects of ethanol on GLU activity, since GLU-dependent stimulus-evoked discharges are enhanced by low doses (<0.1 g/kg), but inhibited by high doses (>1 g/kg) of ethanol (Steffensen et al., 1998 Stobbs et al., 2004) . Local GLU neurons comprise only a small subset of VTA neurons (Yamaguchi et al., 2007) , but have been implicated in reward (Wang et al., 2015) . They synapse onto VTA neurons (Dobi et al., 2010) , and project to the NAc (Qi et al., 2016) , and are likely responsible for the sEPSCs we recorded here on VTA GABA neurons in the slice preparation. Remote GLU inputs, such as the input from the prefrontal cortex, would likely be severed in the slice preparation, but could elicit mEPSCs via spontaneous release of GLU at terminals. Thus, it is conceivable that adaptations in GLU release could be mediated by these local circuit VTA GLU neurons, although the involvement of remote GLU inputs cannot be discounted.
Ethanol has direct inhibitory effects on a number of ligandgated ion channels including NMDA, AMPA, and Kainate GLURs (Dopico and Lovinger, 2009; Faingold et al., 1998) . For example, ethanol inhibits the NMDA receptor (Lovinger et al., 1989; Weight, 1992) at moderate ethanol concentrations (25 mM) in adult rat hippocampus (Lovinger et al., 1990) . Although NMDA receptors are particularly sensitive to ethanol inhibition, AMPA receptors have also garnered attention as a site for ethanol GLU interactions. Ethanolmediated AMPA receptor inhibition occurs through increases in receptor desensitization (Moykkynen et al., 2003; Trussell and Fischbach, 1989) , which may involve interactions with AMPA receptor-regulating proteins (Moykkynen and Korpi, 2012) . While the inhibitory effects of ethanol on GLU currents are likely contributing to the marked inhibition observed in in vivo recordings (Gallegos et al., 1999; Steffensen et al., 1998; Stobbs et al., 2004) , it is noteworthy that ethanol also increases GABA-mediated IPSCs onto VTA GABA neurons via a nicotinic-dependent mechanism (Steffensen et al., 2017) . Therefore, the inhibitory effects of acute ethanol on VTA GABA firing likely involve multiple mechanism involving GLU, GABA, and other systems including gap junction-mediated electrical coupling between VTA GABA neurons Stobbs et al., 2004) . Additionally, alterations in sEPSC and mEPSC frequency could in part be due to ethanol effects on GABA or DA neurons (via GABA(B) or D2 receptors on presynaptic GLU terminals) that cause indirect changes in EPSC frequency.
Withdrawal Effects on Excitatory Synaptic Transmission to VTA GABA Neurons 24 Hours Following a Single Exposure to Ethanol (Nondependent Condition)
Although bath application of ethanol enhanced GLU release, 24 hours after a single intoxicating injection of ethanol resulted in a decrease in sEPSC frequency and mEPSC amplitude. These differences suggest that an ethanol-induced increase in GLU transmission may trigger some feedback inhibitory mechanism to reduce GLU transmission during withdrawal. Interestingly, 24 hours after a single ethanol injection, GABA release onto VTA DA neurons is increased (Melis et al., 2002; Wanat et al., 2009) . This previous finding is somewhat complicated by results showing that ethanol prevents GABA long-term potentiation onto DA neurons (Guan and Ye, 2010) . Additionally, VTA GABA neurons are less sensitive to GABA agonists after an ethanol injection, an effect that is blocked by pretreatment with the GLUR antagonist MK-801 (Nelson et al., 2018) , demonstrating that ethanol's acute effects on GLU transmission underlie some of the adaptations observed during acute withdrawal. We did not find any significant effects of withdrawal from a single exposure to ethanol on AMPA/NMDA ratio in VTA GABA neurons, suggesting that receptor plasticity is not operational in VTA GABA neurons, although it has been demonstrated in DA neurons (Ungless et al., 2001) . NMDA current kinetics (rise and decay time) differ to a degree from cell to cell (see example traces in Figs 3 and 5), and this high variability is also observed between ethanol and control mice. Therefore, NMDA subtypes may differ between different GABA cells, but ethanol does not appear to change NMDA subtype organization.
Withdrawal Effects on Excitatory Synaptic Transmission Following Withdrawal from Chronic Exposure to Ethanol (Dependent Condition)
We have demonstrated recently that 2 to 3 weeks of CIE exposure results in tolerance to ethanol effects on GABARmediated synaptic transmission to VTA GABA neurons (Nelson et al., 2018) and modifications in VTA GABA neurons (Gallegos et al., 1999) , in particular marked increases in baseline firing rates. In this study, CIE resulted in enhanced GLU synaptic transmission. Both sEPSC and mEPSC frequency were greater in CIE-exposed mice compared to chronic air-exposed controls. In other brain regions, CIE has been shown to increase NMDA receptor expression as well as changes in NMDA receptor subunit composition (Lack et al., 2007; Qiang et al., 2007) . Presynaptic effects of chronic ethanol have also been observed in other regions, where ethanol exposure resulted in increased GLU release during withdrawal (Lack et al., 2007; Roberto et al., 2006) . Increased frequency of GLU release is likely contributing to the increased excitability of VTA GABA neurons following withdrawal from CIE exposure (Gallegos et al., 1999) . However, GABA inhibition appears to be reduced as well (Nelson et al., 2018) .
Excitatory Plasticity to VTA GABA Neurons Due to Alcohol
Our findings indicate opposing effects on VTA GABA neuron GLU plasticity during withdrawal from acute and chronic ethanol. Withdrawal from a single in vivo ethanol exposure decreases the frequency of sEPSCs and amplitude of mEPSCs. These results are somewhat inconclusive and reflect the complexity of circuitry within the VTA and within the mesolimbic DA system that may contribute to these changes. Undoubtedly, GLU plasticity in the VTA is involved in the path to addiction, but no conclusive statement can be made about GLU plasticity in VTA GABA neurons during acute ethanol withdrawal. In contrast, the frequency of excitatory synaptic events (sEPSCs and mEPSCs) during withdrawal from CIE exposure is greater compared to air-exposed controls, suggesting presynaptic modifications occurring due to the chronic exposure and withdrawal. No differences were observed in the amplitude of sEPSCs or mEPSCs, further implicating a presynaptic effect. Further complicating the issue, CIE recordings were performed in mice that were 3 to 4 weeks older than mice used in acute ethanol studies. Therefore, it is possible that some differences between acute and CIE effects on GLU transmission are due in part to age differences.
Many drugs of abuse cause increase in AMPA/NMDA ratio in VTA DA neurons (Saal et al., 2003; Ungless et al., 2001) . Interestingly, both increases and decreases in AMPA/ NMDA ratio have been reported in VTA DA neurons following ethanol exposure (Saal et al., 2003; Wanat et al., 2009 ). However, VTA GABA neurons are far less understood, but 109 more sensitive to ethanol than DA neurons (Gallegos et al., 1999; Ludlow et al., 2009; 2009; Stobbs et al., 2004) . Neither of the withdrawal states tested had significant differences on AMPA/NMDA ratio. Although acute effects of ethanol were observed on evoked NMDA EPSCs to VTA GABA neurons, withdrawal from ethanol does not reflect any significant differences. Interestingly, there are different trends between acute and chronic ethanol AMPA/NMDA ratios; however, without statistical significance, we cannot be sure whether those differences are meaningful. We are confident that VTA GABA neurons are a relevant target for ethanol in the brain, and that NMDA receptor-mediated plasticity is involved, but we see no evidence of a change in AMPA/NMDA ratio during withdrawal from acute or chronic ethanol, suggesting that changes in GLUR expression are not a major facet of alcohol adaptations. However, GLU drive to VTA GABA neurons appears functionally relevant in the context of ethanol, perhaps via GLU neurons in the VTA (Dobi et al., 2010; Yamaguchi et al., 2007) .
Overall, these results describe robust plasticity in excitatory synapses to VTA GABA neurons that may contribute to the hyperexcitability of these neurons during withdrawal from ethanol (Gallegos et al., 1999) , albeit it appears to be a presynaptic mechanism involving local circuit GLU neurons and not the result of GLUR adaptation. The hyperexcitability of VTA GABA neurons appears to be a combination of reduced GABA (Nelson et al., 2018) and enhanced GLU drive to these neurons, which form an important nexus for the regulation of mesolimbic DA transmission and reward signaling. Implications of this study include a molecular mechanism for alcohol's effect on VTA GABA neurons and a cellular correlate to the hedonic drive to seek alcohol during a period of abstinence.
